Abstract
INTRODUCTION
Percutaneous aortic valves are now commonly implanted in Europe and in the USA [1] . These devices offer a therapeutic alternative to patients suffering from severe aortic stenosis and patients who are considered at high risk for surgery [2] . In most cases of transcatheter aortic valve implantation, 2 types of bioprostheses are used: the bovine pericardium balloonexpandable SAPIEN-3 prosthesis and the porcine pericardium self-expandable CoreValve prosthesis [3] . There are limited medium-term data regarding the durability of these prostheses [4] [5] [6] [7] .
There is growing evidence that leaflet injury occurs during crimping or deployment of these prostheses [8, 9] . Leaflet injury has been well documented by microscopic ultrastructural studies [10, 11] . It has been hypothesized that these post-deployment injuries might jeopardize the durability of the prostheses. Data confirming or disproving this hypothesis are still lacking.
Limited data regarding the factors influencing the severity of post-deployment leaflet injury are available. Using bovine pericardium self-expandable prostheses, Alavi et al. [10] have shown that the severity of post-deployment leaflet injury was dependent on the degree of prosthesis crimping. Amahzoune et al. [12] have also reported that post-deployment leaflet injury was more severe in the bovine pericardium balloon-expandable prostheses in comparison with the bovine pericardium self-expandable prostheses, thus underscoring the deleterious effect of balloon inflation on leaflet integrity.
To the best of our knowledge, impact on the incidence of leaflet injury has not been compared between the porcine pericardium self-expandable and the bovine pericardium balloon-expandable bioprostheses, which is the main purpose of this study.
MATERIALS AND METHODS

Materials
Pericardial samples. Samples of bovine and porcine pericardium were purchased from a manufacturer (Neovasc, British Columbia, Canada). The samples were delivered in a 0.625% glutaraldehyde solution.
Sheets were cut into square (25 Â 25 mm) patches. The rough (or fibrous) and the smooth (or serous) faces of the pericardial tissue were visually distinguished.
Before beginning each experiment, tissue thickness was measured using a micrometre (Mitutoyo, Takatsu-ku, Japan) working between 0.01 mm and 10 mm. The thickness was measured at the centre of each pericardial patch. Values were taken after a stabilization period of 5 s. All porcine leaflets had a thickness ranging from 0.12 mm to 0.25 mm (mean 0.16 mm), whereas all bovine pericardial leaflets from 0.32 mm to 0.38 mm (mean 0.36 mm).
Valved stent construction. Two types of valved stents (VSs) were constructed. The first one with 3 bovine pericardial leaflets mounted onto a balloon-expandable metallic stent and the second one with 3 porcine pericardial leaflets mounted onto a selfexpandable laser-cut nitinol stent. The 2 types of stents that were used were those for the manufacturing of the balloonexpandable SAPIEN-3 bioprosthesis (Edwards Lifesciences, Irvine, CA, USA) and those for the manufacturing of self-expandable Cormove bioprosthesis (Cormove, Bornel, France).
Valved stent crimping. The balloon-expandable VSs were progressively crimped onto a 22-mm valvuloplasty balloon (BBraun, Melsungen, Germany) using a specific crimper (Edwards Lifesciences). The VSs were left compressed for 15 min at a 5.4-mm (16-Fr) external diameter. During that time, the prostheses were flushed with saline to prevent leaflet desiccation. For expansion, the balloon was inflated with a saline-filled syringe. Complete deployment was achieved within 5-6 s. The balloons were maintained fully inflated at 2 bars for an additional 5 s.
Using the same crimper, the self-expandable VSs were progressively crimped and transferred to a 5.4-mm (16-Fr) internal diameter metallic tube. The VSs were left compressed for 15 min and were regularly flushed with saline. Prosthesis expansion was achieved by pushing the VSs out of the tube with a specific tappet.
Pressure chamber. Determination of the hydraulic conductance of the pericardial patches with a pressure chamber has been previously described. Briefly, the pressure chamber consisted of a cylindrical tube filled with fluid. The pericardial patches were placed between the 2 'pistons', with the smooth (serous) surface always directed towards the fluid. The superior and the inferior 'pistons' had a central coaxial orifice of 21.5-mm diameter. The chamber was connected by a 3-way cock valve to a rotating syringe filled with the same fluid as in the pressure chamber. The 3-way cock valve was also connected to a mercury manometer to measure the pressure within the chamber.
A container was placed on a weighting scale positioned under the pressure chamber. The amount of fluid collected was measured and used for the calculation of the tissue hydraulic conductance (K f ). To calculate the hydraulic conductance of the pericardial patches, the density of fluids that were used was assumed to be q = 1.00 g/ml. The hydraulic conductance formula was K f = m/qÁtÁSÁP, where m (g) corresponded to the mass of the collected fluid within a given time period, t (h) the time period during which the solution was collected, S (m 2 ) the surface of the pericardium directly in contact with the fluid and P (mmHg) the pressure within the chamber. All measurements were performed at ambient temperature.
Methods
To evaluate tissue injury, several methods were used. Histological analysis usually shows the tissular alterations, but quantification is difficult because of the complexity and the uneven distribution of the lesions. To better quantify the tissue injury, quantitative methods were developed by our group. They relied on the determination of tissue permeability (to saline or plasma) that is altered following disorganization/destruction of the extracellular matrix [9] .
Histology. The pericardial patches were stored in 10% phosphate-buffered formalin, dehydrated and then embedded in paraffin. The paraffin-embedded tissue was cut into 7-lm-thick slices using a Leica RM2135 rotatory microtome (Leica Microsystems GmbH, Wetzlar, Germany) and stained with Masson's trichrome. The samples were analysed, and digitalized pictures were obtained at Â20 magnification. For each leaflet, 3 randomly chosen sections were analysed.
The presence or absence of fibrin deposits within the tissue and the areas of tissue compression were determined by histological examination. Prevalence of plasma insudation compression areas was expressed as percentages. For the histological analysis, the observer was blinded to the groups to which the samples belonged.
Tissue permeability and plasmatic insudation. The global hydraulic conductance was determined using an Evans blue (EB) dye solution within the pressure chamber (20 mg/l). The pressure within the chamber was set at 250 mmHg for 20 min for bovine pericardium and at 100 mmHg for 10 min for porcine pericardium. These pressure and exposure times differed between groups due to the differences in basal transmembrane flux between the porcine and the bovine pericardium. In each case, this protocol allowed the pressure within the pressure chamber to remain stable throughout the procedure, a preliminary prerequisite to obtain a reliable determination of the tissular hydraulic conductance.
After exposure to the EB dye solution, the serous surface of each patch was digitalized using a Nikon D40 digital camera (Nikon, Shinjuku, Japan). Using ImageJ software, the relative distribution of pixels according to their intensity was determined for each patch. The pressure chamber was also used to induce plasmatic insudation in the pericardial patches. The chamber was filled with a bovine plasma solution (Biowest, Riverside, CA, USA). The patches were exposed to the plasma for 20 min at a pressure of 75 mmHg. This pressure was close to that sustained by the valve leaflets after their closure. The time of exposure was chosen based on the preliminary studies (data not shown).
Experimental protocol
Experiment 1: preliminary study. The aim of this experiment was to study the impact of localized trauma to the pericardial patches on their global hydraulic conductance and their EB dye staining.
The bovine and the porcine pericardial patches (n = 5 per type) were placed within the pressure chamber filled with the EB dye solution. After exposure, the patches were removed and photographs were taken. A brief (2 s) manual compression with the bottom of an Eppendorf tube was performed in one distinct area located in a poorly stained part of each patch. The 'traumatized' patches were then mounted within the pressure chamber for an additional EB dye exposure. Finally, the patches were removed and photographed. Tissue hydraulic conductance was also determined before and after trauma.
Experiment 2: Evans blue dye hydraulic conductance and staining. The aim of this study was to evaluate the impact of VSs crimping and deployment on the leaflet EB dye hydraulic conductance and staining.
Each type of the VS was randomly assigned to 1 of the 2 groups, thereby resulting into 4 groups (n = 4 per group): the porcine self-expandable prostheses that were crimped (SE-crimping) or not crimped (SE-control) and the bovine balloon-expandable prostheses that were crimped (BE-crimping) or not crimped (BEcontrol).
The leaflets were removed and placed within the pressure chamber for determination of hydraulic conductance. The global hydraulic conductance and the relative distribution of pixel intensity were evaluated for each patch.
Experiment 3: leaflet plasmatic infiltration and leaflet tissular compression. The aim of this study was to evaluate the impact of VSs crimping and deployment on the leaflet plasmatic infiltration and on the presence of tissular compression areas.
The VSs were also randomly divided into 4 groups (n = 6 patches per group). Balloon-and self-expandable prostheses were crimped to a 5.4-mm (16-Fr) external diameter for 15 min before re-expansion. In the last 2 groups (BE-control) and (SEcontrol), the VSs were not crimped. The leaflets underwent plasma filtration within the pressure chamber. At the end of the experiment, the patches were removed and processed for histological examination. The plasmatic infiltration and the presence of compression areas were evaluated for each patch.
Statistical analysis
Statistical analysis of the data was performed using SPSS Statistics version 20.0 (IBM, New York, NY, USA). Qualitative variables were expressed as mean ± standard error of the mean, whereas quantitative variables were expressed as median (interquartile range). Comparisons between variables were performed using the paired and the unpaired Wilcoxon test, the v 2 test or the Fisher's exact test when appropriate. Statistical significance was defined as a P-value <0.05.
RESULTS
Experiment 1: preliminary study
A blue central disc was visible on each pericardial patch after exposure to the EB dye solution (Fig. 1) . The staining was rather homogeneous for the bovine pericardium, whereas for the porcine pericardium, more or less coloured areas were visible.
After crushing, an area of tissue trauma was clearly visible in each case as a marked coloured spot (Fig. 1) .
In the porcine group, the EB dye hydraulic conductance significantly increased after tissue trauma from 386.7 (112.2-458.3) ml/h/ m 2 /mmHg to 816.4 (645.5-1566.1) ml/h/m 2 /mmHg (P = 0.04). In the bovine group, the EB dye hydraulic conductance was also significantly higher after tissue crushing: 10.2 (9.6-14.2) ml/ h/m 2 /mmHg vs 4.9 (4.3-9.2) ml/h/m 2 /mmHg (P = 0.04).
Experiment 2: Evans blue dye hydraulic conductance and staining
The global EB dye hydraulic conductance for the non-crimped pericardium was significantly higher for the porcine pericardium compared with the bovine pericardium: 153.3 (123.4-270.3) ml/ h/m 2 /mmHg vs 12.3 (9.0-15.6) ml/h/m 2 /mmHg (P < 0.001). In the porcine group, the EB dye hydraulic conductance did not differ between the SE-crimping and the SE-control groups: 225.3 (190.0-340.5) ml/h/m 2 /mmHg vs 153.3 (123.4-270.3) ml/h/ m 2 /mmHg (P = 0.12). However, in the bovine group, the EB dye hydraulic conductance was significantly higher in the BE-crimping group than in the BE-control group: 20.1 (15.5-41.2) ml/h/m 2 /mmHg vs 12.3 (9.0-15.6) ml/h/m 2 /mmHg (P = 0.021). After exposure to the EB dye, the macroscopic examination of the patches revealed that the porcine pericardium (the SE-crimping and the SE-control groups) had a heterogeneous coloration (Fig. 2) . Conversely, the serous surface of the control bovine pericardium had a homogeneous staining. In the BE-crimping group, however, the local areas with a marked coloration were detected (Fig. 2) .
In both types of crimped prostheses, there was a shift to the left of the curve representing the cumulative distribution of pixels according to their intensity (Fig. 3) . At low pixel intensity (<50 -'representing dark areas'), there was a significant increase in the cumulative proportion of pixels in the crimped bovine pericardium prostheses compared with the non-crimped bovine pericardium prostheses (Fig. 3) . This was not the case with the crimped porcine pericardium prostheses for which a significant increase in the cumulative proportion of pixels was seen at an intermediate level of pixel intensity (50 < _ intensity < _ 100).
Experiment 3: leaflet plasmatic insudation and leaflet tissular compression
On histological analysis, plasmatic insudation was detected in each group (Fig. 4) . The occurrence of plasmatic infiltration was significantly higher in the control porcine pericardium prostheses in comparison with the control bovine pericardium: 92.8 ± 7.1% vs 5.5 ± 5.5% (P < 0.001).
In the porcine group, there was no difference between the crimped and the control VSs regarding the presence of plasmatic infiltration: 94.4 ± 5.5% vs 92.8 ± 7.1%, for the SE-crimped and the SE-control groups, respectively (P = 0.7). The rate of fields with a plasmatic infiltration depth exceeding three-fourth of the tissue thickness was 57.1 ± 13.7% in the control group and 94.4 ± 5.5% in the crimped group (P = 0.017).
In the bovine group, there was a significant difference between the crimped and the control VSs regarding the occurrence of plasmatic infiltration: 56.2 ± 12.8% vs 5.5 ± 5.5%, for the BEcrimped and the BE-control groups, respectively (P = 0.005).
The areas of tissular compression were frequently found in the leaflets of the crimped prostheses (Fig. 5) . In the porcine group, the occurrence of leaflets with microscopically detectable compression areas was significantly higher in the crimped prostheses than the control prostheses: 44.4 ± 20.5% vs 5.5 ± 5.5% (P = 0.017). In the bovine group, the leaflets with microscopic compression areas were also more frequent within the crimped prostheses than the control prostheses: 33.3 ± 21.1% vs 5.5 ± 5.5%, (P = 0.039). The rate of tissue compression did not differ between the crimped porcine leaflet self-expandable and the crimped bovine leaflet balloonexpandable prostheses: 44.4 ± 20.5% vs 33.3 ± 21.1% (P = 0.58).
DISCUSSION
This study was designed to address 2 major issues. First, to better characterize the traumatic leaflet injury due to prosthesis crimping and/or deployment, the injury has been traditionally assessed by histological analysis [8, 13] . Microscopic analysis, however, has several drawbacks: it is time-consuming and uneven distribution or complexity of the lesions makes quantification difficult. Second, we sought to determine whether post-deployment leaflet injury is more severe in the porcine leaflet self-expandable or in the bovine leaflet balloon-expandable prostheses.
A few experimental studies have shown microscopic alterations in bovine pericardium leaflets obtained from deployed selfor balloon-expandable prostheses [8, 10, 13] . Lesions consisted of collagen fibres compression, fracture or dissociation. In this study, we have also observed such alterations in the bovine pericardium balloon-expandable prostheses (Fig. 5) . We here in describe, for the first time, the presence of areas of tissular compression in the crimped (16-Fr) porcine pericardium selfexpandable prostheses. Traumatic leaflet injury is, therefore, possible for the porcine or the bovine pericardium self-or balloon-expandable prostheses.
In our preliminary study, local trauma of the bovine or the porcine pericardium was associated with an increase in the Figure 3: Curves representing the cumulative incidence of pixels according to their intensity for the crimped and the control BE prostheses (A) as well as for the crimped and the control SE prostheses (B). For both types of crimped prostheses, the curve of pixels distribution was shifted to the left. Asterisks represent a significant difference (P < 0.05) in the cumulative incidence of pixels between the crimped and the non-crimped prostheses. BE: balloon-expandable; SE: selfexpendable.
global leaflet hydraulic conductance and in the EB dye staining. This confirms that either global or local leaflet hydraulic conductance can be used as a marker of tissue trauma. The global leaflet hydraulic conductance was significantly increased only in the crimped bovine pericardium balloon-expandable prostheses. Markedly coloured areas (pixel intensity <50) were also significantly more frequent only in the crimped bovine pericardium balloon-expandable prostheses (compared with the noncrimped bovine pericardium) (Figs 2 and 3) . The observed alterations in the global and local tissue permeability suggest that tissue trauma was more severe with the bovine pericardium balloon-expandable prostheses compared with the porcine pericardium self-expandable prostheses.
Leaflet plasmatic insudation has been frequently described in pericardial bioprostheses explanted for late structural valve deterioration [14] . Recently, plasmatic insudation has been observed in a SAPIEN prosthesis explanted a few hours after its implantation [8] . It was suggested that structural alteration induced by the crimping and/or the deployment of the bioprosthesis was responsible for this insudation. In this study, the occurrence of leaflet plasmatic insudation was 10 times higher in the crimped bovine pericardium balloon-expandable prostheses than in the non-crimped bovine pericardium balloon-expandable prostheses. Leaflet permeability to macromolecules is, therefore, increased in the crimped bovine pericardium balloonexpandable prostheses after their deployment.
Another previously unknown observation is that leaflet permeability to plasma is higher in the porcine pericardium than in the bovine pericardium. In the porcine pericardium control, the areas of plasmatic insudation were found in 93% of studied fields. Despite this high rate of plasmatic insudation, crimping-related increase in the porcine leaflet permeability to the plasma was suggested by an increased incidence of plasmatic areas in the deepest layers of the pericardial tissue from the crimped prostheses compared with the non-crimped prostheses.
Tissue compression per se can be responsible for traumatic lesions [15] . Our data suggest that crimping/deployment-related leaflet injury might be more severe in the bovine pericardium balloon-expandable prostheses. There might be 2 possible explanations. First, the bovine pericardium (mean thickness 0.36 mm) is thicker than the porcine pericardium (mean thickness 0.16 mm). Therefore, for a similar degree of prostheses crimping, tissue compression and folding (or bending stress) would be more significant with the bovine pericardium. Second, during balloon inflation, the pericardial tissue is also compressed against the struts of the stent.
Two types of prostheses are used in most cases of transcatheter aortic valve implantation (more than 95% of cases in the French registry) [16] . One (the CoreValve) is a porcine pericardium self-expandable prosthesis and the other one (the SAPIEN-3) is a bovine pericardium balloon-expandable prosthesis. These prostheses are designed to be used with a 16-Fr introducer. In our study, tissular traumatic alterations were observed in the crimped (16-Fr) porcine pericardium self-expandable and the bovine pericardium balloon-expandable prostheses after their deployment. Furthermore, the study of global and local tissue permeability has suggested that tissue trauma was more severe with the bovine pericardium balloon-expandable prostheses than with the porcine pericardium self-expandable prostheses. The occurrence of postimplantation leaflet injury, therefore, is one of the key differences between the percutaneously and the surgically implanted prostheses.
As bioprostheses, percutaneously implanted prostheses will fail over time due to structural valve deterioration. Structural valve deterioration is a complex phenomenon, not completely understood and involving numerous factors inherent to the tissue (including its integrity), the prostheses design and the host biology. The question of a negative impact of post-deployment tissue injury on prostheses durability is still debated. One should highlight the fact that clinical data confirming or disproving an increased risk of structural valve deterioration following tissue trauma are still lacking at the present time. Results of long-term studies will eventually provide an answer to the medical community.
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